INTRODUCTION
The vertebrate retina has been intensively studied over the past decades using physiological, morphological and pharmacological techniques. Since the early 1980s, enzymatic dissociation techniques have been employed for the isolation of a wtriety of retinal cells, including photoreceptors, horizontal cells and bipolar cells [reviewed in Kaneko & Ta~:hibana (1986) ; Lasater (1991) ]. Using isolated cell prepa:rations, membrane ionic currents of solitary retinal cells have been studied in a quantitative fashion using the voltage-clamp techniques. These data provide information concerning the functional role of the ionic currents in generating and shaping the light response of the retinal neurons. However, the detailed experimental data alone are not enough to understand how the retinal neurons work. A combination of experimental work and computational modelling is necessary to clarify the complicated retinal functions. Models based on the detailed physiology, morphology and pharmacology of the retina illustrate the role of interactions among currents, neurotransmitters and second messengers suggesting further areas of investigation, which may include new experiments. Elsewhere we have developed ionic current models of photoreceptors and horizontal cells to improve our understanding of these retinal neurons.
Bipolar cells form a pathway for passing information from the outer retina to the inner retina. Bipolar cells receive synaptic inputs from photoreceptors and horizontal cells in the outer retina and send output to (Kaneko & Tachibana, 1985; Lasater, 1988; Tessier-Lavigne et al., 1988; Maguire et al., 1989; Nawy & Jahr, 1990; Heidelberger & Matthews, 1992; Tachibana et al., 1993) . In this paper we propose an ionic current model of bipolar cells based on the published experimental data. The model provides a better understanding of the functional role of ionic currents in generating electrical responses.
SUMMARY OF IONIC CURRENTS IN BIPOLAR CELLS
Ionic currents identified in bipolar cells are summarized in Table 1 . These currents are observed in a variety of bipolar cells, goldfish (Kaneko & Tachibana, 1985; Tachibana & Okada, 1991; Tachibana et al., 1993; Heidelberger & Matthews, 1992) , white bass (Lasater, 1988) , axolotl (Attwell et al., 1987; Tessier-Lavigne et al., 1988) , tiger salamander (Nawy & Jahr, 1990 , 1991 Lukasiewicz et al., 1994) , and dogfish (Shiells & Falk, 1994) .
The bipolar cell is morphologically divided into three compartments, dendrite, cell body and axon terminal. Each compartment contains unique ionic channels. Channels activated by the transmitter released from photoreceptors are distributed over the dendritic compartment. There are at least five membrane currents in the bipolar cell body, namely, hyperpolarization activated current (Ih), delayed rectifying potassium current (IKv), transient outward potassium current (IA), calcium current (/ca), and voltage-and calcium-dependent potassium current (IK(ca)). Calcium channels are distributed not only over the cell body but also are present in high density Tachibana and Kaneko (1988) over the axon terminal (Tachibana et al., 1993) . The axon terminal also contain channels activated by transmitters from inner retinal neurons (Attwell et al., 1987; Tachibana & Kaneko, 1988; Lukasiewicz et al., 1994) . There also exist exchange currents in bipolar cells. Since Na-K exchange current has not been clarified yet, we here omit this component. Na-Ca exchange current was introduced as described in Table 2 .
DESCRIPTION OF IONIC CURRENTS IN THE BIPOLAR CELLS
We formulated equations of the ionic currents in the bipolar cell body using the same method applied in modelling photoreceptor and horizontal cells Usui et al., 1996) . Each ionic current was described by the Hodgkin-Huxley type of equations (Hodgkin & Huxley, 1952) .
The membrane model [ Fig. I(A) ] for the bipolar cell body is given by the following ordinary differential equation:
Tables 3 and 4 give full descriptions of the ionic currents and the intracellular calcium system, respectively.
Delayed rectifying potassium current, IKv
The experimental results (Kaneko & Tachibana, 1985; Lasater, 1988) show that bipolar cells contain a voltagedependent potassium current which is blocked by tetraethylammonium (TEA) and has typical characteristics of delayed rectifier. We estimated the model parameters from the voltage clamp measurement by Kaneko and Tachibana (1985) .
Transient outward current, IA
The transient outward current, IA, is mainly carried by potassium ions and is activated by membrane depolarization above -30 mV and is relatively unaffected by TEA but eliminated by 4-aminopyridine (4-AP) (Lasater, 1988; Tessier-Lavigne et al., 1988) . We estimated the model parameters from the voltage clamp measurements by Lasater (1988) .
Hyperpolarization-activated current, Ih
Ih is a slowly developing inward current activated by membrane hyperpolarization. Barnes and Hille (1989) proposed a simple kinetic model of this current in the photoreceptor. The gating kinetics of Ih are described by a five-state model with two closed and three open states governed by voltage-dependent rate constants as shown in Table 3 . We used their formulation and estimated the parameters for the bipolar cell from the measurement by Kaneko and Tachibana (1985) .
Calcium current, Ica
/Ca activates around -30 mV and reaches a peak at about +10mV, and at a greater depolarization, the current declines and appears to reverse at about +80 mV (Kaneko & Tachibana, 1985; Lasater, 1988) . The current is activated within a few milliseconds and shows little inactivation, and thus we omitted the dynamics of the inactivation process as shown in Table  3 . The model parameters were estimated from the experimental data by Kaneko and Tachibana (1985) . The value of the reversal potential for calcium ions is determined by the Nernst equation using the calcium concentration just below the membrane ([Ca2+]s) and the extracellular concentration ([Ca2+] 
o).
Calcium-dependent potassium current, IK~Ca) IK(Ca) is activated by membrane depolarization, the maximum magnitude of the current occurs at about +40 mV, and the current is smaller at more depolarized values (Kaneko & Tachibana, 1985; Lasater, 1988) . Since the current depends on both voltage and intracellular calcium concentration, we introduced the voltage and calcium dependencies into the activation and inactivation variables (mKc and mKcl) , respectively, as shown in Table 3 . 
Intracellular calcium concentration
Recently changes in cytosolic calcium concentration have been measured by using a Fura-2 imaging system (Heidelberger & Matthews, 1992; Tachibana et al., 1993) . However, the intracellular mechanism of controlling calcium ions in the bipolar cells is still not well understood. We thus modelled the calcium system to be able to reproduce the membrane properties of the bipolar cells as shown in Fig. I(B) . The cell space was divided into two compartments, the space just below the cellular membrane and the central space. This model is almost identical to that used for modelling the calcium system of photoreceptor inner segment .
SIMULATED RESPONSES OF THE BIPOLAR CELL MODEL

Voltage-clamp simulation
Under voltage-clamp conditions, total membrane current (/) in the bipolar cell is described as:
Voltage clamp simulations were made under the conditions identical to the etectrophysiological experiments by Kaneko and Tachibana (1985) . Currents induced by depolarizing pulses. Figure 2 (A) shows the simulated total ionic current in response to depolarizing command pulses to -10, +10 and +30 mV from the holding potential of -30 mV. The outward current develops with further depolarization and the amplitude peaks near the membrane potential of +50 mV [ Fig. 2(C) ]. The outward current is decreased by depolarization beyond +50 mV. These outward currents show a little time dependency. Individual ionic currents and the calcium concentration changes to the depolarizing pulses are shown in Fig. 2(D) . One may expect that since the cytosolic concentration of calcium ions changes slowly, a tail current would appear at the cessation of command pulse. However, the calcium concentration near the ionic channels ([Ca2+]s) returns within a few milliseconds after the command pulse, and therefore/Ca and IK(ca) show no tail currents. These results explain why no tail current has been observed by the depolarizing pulse (Kaneko & Tachibana, 1985; Lasater, 1988) .
Currents induced by hyperpolarizing pulses. The total current induced by the hyperpolarizing pulses to -50, -80 and --100 mV is shown in Fig. 2(B) . These inward currents show a strong time dependence, and the tail components are observed as in the experimental results of Kaneko and Tachibana (1985) . Figure 2 (E) provides an interpretation of these current responses to the voltage pulses. The slowly activating inward current results from the time-and voltage-dependent properties of Ih. The tail currents after the hyperpolarizing steps are caused by Ih and IKv which are activated by the depolarizing pulse of -30 mV from the hyperpolarizing potentials.
Current clamp simulation
The values of the model parameters were all determined from voltage clamp data as described above. However, there is no guarantee that the present model can successfully reproduce the behaviour of the bipolar cell under other experimental conditions. To evaluate the model, we simulated the responses to current injections. Kaneko and Tachibana (1985) demonstrated that bipolar cells showed sustained depolarizations to depo- larizing current pulses and, in response to hyperpolarizing pulses, showed complicated responses with an initial transient hyperpolarization followed by a smaller plateau hyperpolarized level. These response properties are well reproduced by our model as shown in Fig. 3 . These response characteristics can be explained as follows.
As shown in Fig. 3(A) , membrane depolarization gradually reaches a saturated value of around +10 mV as the injecting current is increased. This characteristic is determined by the magnitude of the currents, Ica and I~ca)-The initial transient and the subsequent plateau in response to the hyperpolarizing currents in Fig. 3(B) is caused by activation of Ih, that is, activation of Ih slowly reduces the level of hyperpolarization. The spike-like rebound shown in Fig. 3(B) seen at the cessation of the hyperpolarizing current pulses and after-hyperpolarization results from Ih and IKv. Faraday constant, 9.649 x 105 cmol-1 Ca diffusion coefficient, 6 × 10 -8 dm 2 secVolume of the submembrane area, 1.692 x 10 -13 dm 3 Volume of the deep intracellular area, 7.356 x 10-13 dm-3 Surface area of the submembrane and the deep intracellular area spherical boundary, 4 x 10 -8 dm-2 Distance between submembrane area and the deep intracellular area, 5.9 x 10 -5 dm Total low-affinity buffer concentration, 400 #M Total high-affinity buffer concentration, 200 pM On and off rate constants for the binding of Ca to low-affinity buffer, 0.4 sec -1/~M 1, 0.2 sec -1 pM -1 On and off rate constants for the binding of Ca to high-affinity buffer, 100 sec -1 pM -1, 90 sec -1 ,uM -1 Maximum Na-Ca exchanger current, 9 pA Maximum Ca-ATPase exchanger current, 9. 
Simulated responses of large and small bipolar cells
Bipolar cells isolated from white bass retina were classified into two broad subtypes, large-and small-types (Lasater, 1988) . Large-and small-types are thought to be rod-dominated and cone-dominated bipolar cells, respectively. Lasater (1988) In these simulations, model parameters were set to correspond to the experimental condition of Lasater (1988) .
[Ca2+]o=2100 pM, Eh= --14.6 mV, EK=--85 mV, El=--30 mV, g~v=0.5 nS, ~ff=5.0 nS, gl=0.5 nS.
measurements in the presence of a IA blocker, 4-AP (Lasater, 1988) .
D][SCUSSION
A quantitative reconstruction of the membrane ionic currents in the retinal bipolar cells has been realized in the present study. Our model is capable of accurately reproducing the voltage-and current-clamp responses of the bipolar cells. The present model also can represent the subtype specificities found in bipolar cells. The membrane ionic currents of bipolar cells have been examined not only in lower vertebrates but also in mammals (Kaneko et al., 1989; Karschin & W~issle, 1990) . These results show that most of the ionic currents in mammalian bipolar cells are the same kinds as those in the lower vertebrates, although there is a difference in the dynamic properties of the currents. Since our model sufficiently reproduced the different dynamic characteristics of white bass bipolar cells, it should be possible to simulate the mammalian bipolar cell responses as well by reestimating the model parameters.
Recently, it was found that several ionic channels and receptors on bipolar cells are localized on the dendrite, cell body or axon terminal. Nawy and Jahr (1990) found that cGMP-gated channels closed by glutamate in bipolar cells are responsible for the on-light response. Since the mechanism of the cGMP-mediated pathway is similar to that of phototransduction, it is possible to reconstruct a light response model of bipolar cells based on the present study. Tachibana et al. (1993) recently found that most of the calcium channels oil bipolar cells are localized at the axon terminal and calcium ions move toward the cell body through the axon by diffusion. Although the present model was able to reproduce the calcium current in bipolar cells, it is important to incorporate the spatial characteristics of the calcium system into our model to fully reconstruct the bipolar cell. In modelling, we have to introduce more accurate morphological characteristics of bipolar cells.
So far we have formulated mathematical models for photoreceptor , horizontal cell and here bipolar cells, and we believe that our models which replicate the detailed physiological structures and functions of the retinal outer plexiform layer clearly illustrate what we know and what we need to find out.
One still hears the criticism that since our models contain large numbers of parameters, by just changing them one could fit almost anything. This may be a criticism, however, this is not a serious problem in our case. Our models were constructed based on voltage clamp measurements, and the voltage clamp experiment itself can be thought of as a process for estimating parameters, since the experimental procedures assume the Hodgkin-Huxley types of ionic conductances in the cell membrane [see recent textbooks by Johnston & Wu (1995) ; Bower & Beeman (1995) ]. In this modelling step, parameter values of each ionic current were estimated independently current by current, i.e. we do not have to estimate all the model parameters simultaneously. The estimated values of measurable parameters, such as the maximum conductances and the reversal potentials, correspond well to the experimental data. However, there is no guarantee that the models can reproduce the behaviour of the cells under other experimental conditions, since each ionic current was modelled based on pharmacologically isolated conditions. We examined the acceptability of the models via the current clamp experiment, and the results were extremely similar to the experimental data. These results clearly demonstrate the reality of our models.
Our primary aim is to construct a physiologically plausible model which can be distinguished from abstract types of models that reproduce a particular retinal function [e.g. Mead (1989) ]. Any new properties and details of the outer retina which are discovered may be implemented easily into our dynamic models and examined using it. Thus, these models provide a unified framework for understanding the functional organization of the retinal outer plexiform layer.
